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[ Motivation }
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13 mixing & CP phase in the neutrino oscillation

will be expected to be measured accurately.

(T2K, MINOS, WCHOOZ, NOVA, DayaB a y |
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Naively, for the normal hierarchy case,
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L Very naive.

Can we have more accurate predictions
as well as CP phase?
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2009 data : Ngig ~ 3

2010 data : no significant events
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AUnification of Strong & Electroweak interactions
—> Gauge coupling unification (SUSY GUT)

AUnification of Quarks & Leptons
— Yukawa unification (bottom-tau)

AFlavor puzzle
Quark mixings are small & Lepton mixings are large.
Charged fermion masses are hierarchical.



SO(10) Model with renormalizable Yukawa couplings

(Babu-Mohapatra,1992)
10 + 126

16 x 16 = 10 4 126 4 120

Higgs fields which couple to fermions (16):
H(10), A(126) and D(120)

Renormalizable Yukawa terms:

hul/’ Y;H + fz]t/’ YA+ —h,ﬁ/’ P; D

W

h, f : symmetric h! : anti-symmetric




Neutrino Mass

my9"t = My — MP Mz (MP)T

Type Il Type |

Mp =2V2f(Ar) Mp=2V2f(AR)

AF 21 81 i s 1 015150
SU(2); triplet

1 1 £ 1 CEANEK
Wy = Shigbli v S fpbi & o Eiz,ﬁ;j'tl’i’tl’jD [H(10), A(126), D(120)]
PYA D EKAL -+ 5553
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Simple explanation of successful fermion mass and mixings

Fermion mass matrices are rank 1 (h) + corrections (£, h")

Yu="h+rof +r3h/ Yy=ri(h+ f+h)

iy iy mi" CF) (type 1)

2 large, 1 small neutrino mixings are obtained.

Quark mixings are small.

Dutta-YM-Mohapatra, PRD80, 095021 (2009)
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Simple explanation of successful fermion mass and mixings

Fermion mass matrices are rank 1 (k) + corrections (f, k')

f-diagonal basis. fzz small — CKM small.
c? bc ac S Ai20:-10

h=nhs33| bec b2 ab |, f=1fz3]| 0 A O

ac ab a? O a0 oy

In the limit A1, A» — O,

2 _ b24-c2 2
tan eatm o )—:_2(—, tan ()SO|

-g, sinf13 = 0.

2 large, 1 small neutrino mixings are automatic.

b —— h -+ ‘7‘2']?-{- 7’373,’ Yd — 7‘1(5 -+ ]?-f— /_I/)

Ye= (@D ey mi™ L) (typell) 1



If fine-tuning Is absent to fit electron mass,
we obtain

1 A
1. UC3 L g‘/u,g Sln Hatm ey 0-05
or

my,,o
my3

: 1
21 |Ue3| = tan6scotl, + ezfycegvus Sin 6

~ 0.11
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If fine-tuning Is absent to fit electron mass,
we obtain

1 _
1. Uy3 =~ gvu,s Sinf5tm =~ 0.05
or

my,
my3

: 1
21 |Ue3' = tan6scotl, + eyycegvus Sin 6

~ 0.11

Statement:
To suppress proton decay by a flavor structure,
solution 2 is preferable.
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Proton Decay

¢ Dimension 6 operator
dominant mode : p — wle™t

Q Q
g2
A= 52 (Up to Hadron matrix element)
X M3
gs g5 .
My ~ 2 x 101 GeV
E° U ™, ~ 1034 — 103 years

o Dimension 5 operator with gaugino or Higgsino dressing

Q dominant mode : p — K10

8% .
Ans Cijki
4mM . msysy

0 Severe constraint to models
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Dimension-5 Proton decay suppression

D5 Proton decay amplitude: Wh

S T

- /
Lightest colored Higgs mass ~ squark Function of h, f,h

Possible solutions to suppress D5 proton decay

1. SUSY particles (squarks) are heavy.
— Look forward to the LHC results
2. Colored Higgs Is heavy. (PRL100 181801)
==)> 3. Typical flavor structure of Yukawa h, f,h/.

— Predictive to masses and mixings
(PRL94 091804; PRD72 075009)




Dimension 5 operators : —Ws = 3c}/" qkq1ql(/J + CPMeguusds

{ : L symmetrlc
Higgs triplets  (3,1,1/3) + c.c.
o = (Hp, Dy, Dip, Ap, A, A, )
r — (HT, DT, le” AT, AT'- Aif (DT)
mass term : (¢o7)a(Mr1)ab(P7)b
T _ pqdiag =
XMrY ' = My Hp and Ap have opposite D-parity.

C’f“ = M—(Xalh aafH+V2X,3h")ij(Yarh+Yas ki
F 1“’ Opposite signature O
17kl :
C ] Z M—(Xalf' a4f+\/§Xa2hI)ij(Ya1h_(YaS_\/ﬁYaﬁ)f‘I’\/ﬁ(YaB"YaQ))kd

a i

ikl
[ 61— = chijhpt1 fij frutaafij fruteafihutoahibtashy; fi J
Kl
SR T = chijhity1 fij frtv2 fij futya fijhrtyahihrat+yshi; f+- -

3 = —Y3  (Dutta-YM-Mohapatra)

17




r(p = K7) > 19 x 1032 years
Proton decay amplitude = A = \[a 2,3” A r(n = 77) > 4.4 x 1032 years
MTTSUSY r(n — K7) > 1.8 x 1032 years

A= c:/'fhh+:1:1A~f_f+:1:2Auhf+£l?3A‘f/-,,+-"U4Auh_'},+£li5glz,'f

To satisfy current bounds,
Alp—> Kv) <1078, A(n—nv)<2-1078 A(n— Kiv)<5-1078

(M =2-1016 Gev, Mj=1 TeV, My, = 250 GeV|

When 75, 13~ O(1), Ay, ~107%—-10"°
(roughly, h ~ Yy) Cancellation is unnatural.

When r5, r3 < 1 and h ~ Yy, A~hh ~ 10=7

One still needs to care about cancellation in each decay mode, p — Kve .z

18




A special choice of texture (in h-diagonal basis)

h ~ diag(<K Au, < Aoy At) A~ 0.2
DAY S B e

e P o Ve D ] Sl N T R IR NG P L
A3 A2 )2 LN aXe g

Smallness of 11, 12 element of f is also important
to suppress proton decay.

Relations are clear under this texture!
e.g. Charm Yukawa: A; >~ roms/m;, ®Em=m» |rp|~0.1—0.15

2. :
mamsmy = CgMeM M ) |¢:E| ~ 1.

Yu="h-+rof +r3h’ Yg=ri(h+ f+ 1)

Yo = r1(h — 3F + ceh') might o f  (typell) 19




Numerical fit in SO(10)
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(Hermiticity of fermion mass matrix is assumed.)
Dutta-YM-Mohapatra, PRD72, 075009 (2005)

Measurable and testable in near-future experiments.
20



Br(pu—ey)

Lepton flavor violation
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1w — ey bound :

s
68, -

—

BR < 2.4 x 1012

] 2o E 3
~mg | L =k Uynsp

k1

&
k2 4 UMNSP

(By RGE, in simplified situation)

small |:> Sinfl13 ~ k>Sin2015 and dpynsp ~ T

Cancellation can happen if 13 mixing is chosen.

.

&

type |

2
ko =~ (| &m'zs,ol i::?
AmZ, . M3
B) sind;3 £0.18

B

b

/4

<

ype Il

Am?2

AR IR =1 1

ko o~
2 ‘&mgtm

:> sinf;3 ~ 0.02
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4
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Type | seesaw
}/l/.f—lyu-r
= (h—3r2f + b)) 71 (h = 3r2f — cul)

= (h+ch)f1(h — ch') — 615h + 97'%17

\

Cancellation is needed.

, 0 >\3 QL AT E XS
h ~ diag(0,0,1), f~ R ~i| =23 0 )2
A3 \2 >\2 R =)

Compatible to f55 suppression
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Proposition:

If both the Dirac and Majorana mass matrices are in the form :

Kn OO
Ko O
Ko A
n OO
Ko O
NS S

(x denotes non-zero entry.)

the seesaw mass matrix is also in the form of

M, = —-MpMg' M}, =

P o D
MM O
b bd 5

24



M, xU € Ut

0 —sinfaz cosbos — gin 13" 0 cos b3 0 0 1

1 0 0 cos 3 0 sinf3e=* cosflos  sinfhs 0
U=1] 0 cosfy3 sinfs3 0 1 0 —sinfys cosfio 0

Suppose that the mixings from the charged lepton
are small, the Unitary matrix U is the MSN matrix.

From the condition: (M,);; = (M,)2 =0

we obtain é.

==) Next page
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e~ 2 tan 013 (tan ;3 + €' cot f12 sec O3 tan fa3)

E —
A = —etan? 010 — sec? 012 tan? 9136_%5
ﬁm%g By |E|‘E |)\|2 4 sin2 013 csC 2015 tan Oo3(sin B3 cosd + cot 2015 tan Ho3)
s RSO e T SR 2 613(2 + cot?f1,tan? hr3) — 2sin3 013 cos s cot H1o tan bo
mss C 3 3
f1- : solar neutrino mixin :
e 5 (Only the case of Normal hierarchy

: ; T ives solutions in the setup.
23 : atmospeheric neutrino mixing give P-)

Using the experimental data, we obtain 13 mixing as a prediction.

(Cubic equation of 13 mixing for given CP phase).

For 6 = /2,

4
Am 5
Am23

4 cot 2015 csc 2015 tan? o3 + AT’lQ (2 4+ cot? 615 tan?653)
153

Sil’]2 013 =
26
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‘Z]_]_ ‘212 ‘213 COS s Sin O ~ 0.1

Uunse = | Vo1 Voo Vo3 — C0Sf,Sinfs Ccosf,cosfs —sinb,
V31 V3o V33 —sSinfySinfs sinf,Ccosfs CoSh,

L Diagonalization matrix for charged lepton

13 neutrino mixing can be corrected by V75 sin 6, .

Naively, V1o ~ \/me/my

020 —
s ~
Br3=42°
0.5 e “By=457
_____ PR
£ 0.10
0.05
0.0 0.5 1.0 1.5 20
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If both the Dirac and Majorana mass matrices are in the form

(x denotes non-zero entry.)
Note : This flavor structure can enhance left-right neutrino mixing.
(Mzl)33 =0 O(10~2)

light
: : m m e 1 TeV
cf. Naively, sinf g~ —2 =~ |——~107°
’.’TLR '?TF;R | T”;R

If 15t (and 2"9) right-handed neutrino is at TeV scale,
LFV can be enhanced to the current exp. bounds.

M OO
MoK O
M b
I e R e
MK O
M b b

(work Iin progress: Haba-Horita-Kaneta-YM) 29



[ Summary }

. We study the predictions of 13 mixing and CP
phase in neutrino oscillations in SUSY GUTSs.

. The flavor structure to suppress proton decay IS
considered.

. The flavor structure can be probed by precise
measurements of neutrino oscillation parameters
as well as LFV.

Neutrino oscillations and LFV will lead us a

5

scheme of vast scope to investigate GUT scale
physics (if the LHC finds low energy SUSY).
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Back up slides
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Fortunately, many of the SO(10) models predicts measurable
13 neutrino mixing.

It will be measured near future.
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Relation of bottom-tau mass conversion and large atm. mixing
(Bajc-Senjanovic-Vissani)

5 Mg = ri(h + f) Vg
< Me = rl(ﬁ —=3Ff) V4 jl> Md SN ek mH
| myo f
- st O s
Mg =~ ; O(N2) O(N2) | my
o(X3) o(x%) 1 A
> m}/l X A
: : O(\3) P, S R |
Me =~ ' O(N%) O()\2) | mr
O(X3) O(X\2). -1 )

mp — Mt ~ O(AQ)mb




W}.,. == lhl_]wll/)jH + %fljl/il(/’JA + %h:}l/’l(/)JD [H(IO)» A(TQ_G—), D(120)]
: [A(126), ©(210)]

Higgs doublets

Light doublets

Y-u — /_? -I— ’7’2.)‘_'+ 7'3/_2,’
Yy=r1(h+ f+h')
},(_J — 7'1(7?- e 3JF+ Cel—lf,)
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